Large eddy simulation of turbulent premixed combustion behind a bluff-body is performed using unstrained flamelet model with a presumed probability density function to calculate filtered reaction rate. The subgrid variance of the progress variable required in this approach is calculated using its transport equation to include contributions from reaction, turbulence and molecular diffusive and dissipative processes at sub-grid scales. The dissipation rate of the variance is obtained using an algebraic closure, which maintains physical consistency among turbulence, reaction and molecular diffusion. Various quantities such as mean velocity, temperature and species mass fractions computed for two bluff-body flames experiencing 2% and 24% turbulence intensities are compared to their respective measurements. These comparisons are very good suggesting that the unstrained flamelet SGS closure works well for multi-regime combustion. The demonstrated success of this modelling framework is explained on a physical basis.
Introduction
The use of a bluff-body is common in practical combustors because the recirculation zone containing hot products behind the bluff-body provides a simple mechanism for flame stabilisation. Despite the simple geometry, the physical processes encompass strong interplay among turbulent transport, combustion and molecular diffusion. The shape and size of the recirculation zone influence the performance of these burners in general and the fluid dynamic attributes are governed by the bluff-body geometry, turbulence level and equivalence ratio at the burner inlet.
Large eddy simulation (LES) has the potential to capture these effects including transients such as local extinction and flame blow-off. Typical LES resolves dynamic scales of turbulence and scalar fields explicitly up to a cut-off scale, , and the remaining sub-grid scale (SGS) phenomena are modelled. Turbulent premixed combustion is usually a SGS phenomenon and it needs to be modelled. This modelling must include the strong interplay among turbulent transport, heat release effects and molecular diffusion. Thus, developing a robust and accurate model for SGS premixed combustion is challenging and a number of approaches have been linear eddy model [21] , and turbulent flame speed models available in FLUENT and OpenFOAM packages [22] .
All of the above works used only a small subset of measurements for the respective model validation and it appeared that advanced models were needed to capture the multi-regime combustion ranging from the corrugated-flamelets to distributed combustion regime [15] [16] [17] . Thus, it is quite challenging for a single combustion closure to capture this varied regime combustion. Specifically, the unstrained flamelet closure is of interest for this study and the aim is to test this closure for the multi-regime combustion because this closure has been shown [6] to work well for the flamelets regime combustion. Thus, its behaviour for distributed combustion regime is of particular interest for this study. It could be quite contentious to use the unstrained flamelet closure for distributed combustion regime in the classical viewpoint but earlier studies [30] [31] [32] [33] [34] [35] have shown the presence of flamelets in distributed or broken reaction zones regime combustion. Thus, this regime of turbulent combustion can be seen as a situation in which locally thin laminar flames (flamelets), with their internal structures unperturbed by turbulent eddies, are distributed over a wider region yielding a thicker and more diffusive flame brush compared to the classical flamelet regime. The flame brush is the time-or ensemble-averaged structure resulting from these flamelets. Hence, it is worthwhile to explore the applicability of the unstrained flamelet closure but one must, as noted earlier, carefully maintain physical consistency among various sub-models used in this approach.
This paper is organised as follows. The next section describes briefly the bluff-body burner used here along with its experimental procedure. The LES model, SGS closures, numerical method and grid used, and boundary conditions employed are described in Section 3 . The results are discussed subsequently and the conclusions are summarised in the final section.
Experimental case
The bluff-body configuration studied experimentally in [15] [16] [17] [18] [19] is chosen for this study and is shown in Fig. 1 along with its computational model. A methane-air mixture at 294 K having an equivalence ratio of φ = 0 . 59 entered the combustion chamber having a dimension of 79 × 79 × 284 mm 3 . The bluffbody had a base-diameter of D = 44 . 45 mm , stem-diameter of D stem = 12 . 7 mm and an apex angle of θ = 45 • . It was placed at the centre of a duct which also formed the combustion chamber downstream of the bluff-body as shown in Fig. 1 . A turbulence generator having 3 . 46 mm diameter holes was placed at about 58 mm upstream of the bluff-body base and the flow entering the combustor section had a bulk-mean velocity of U ref = 15 m / s and turbulence intensity (TI), measured at r/D = 0 . 55 at the location of bluff-body base, of 2% or 24% (two flames) as described in [15] [16] [17] . The turbulent Reynolds number at the bluff-body base is estimated to be of the order of 100 and 10 0 0 respectively for the two TI cases suggesting a substantial difference in their combustion regimes. Laser Doppler Velocimetry (LDV), CARS (Coherent Anti-strokes Raman Spectroscopy), spontaneous Raman scattering, and Rayleigh techniques were employed to measure velocity temperature and species variations inside the combustor and these measurements are used to validate the LES results.
LES
The conservation equations for Favre-filtered mass, momentum and energy (total enthalpy) are solved along with two additional equations for combustion modelling. These equations and their numerical treatment are described in this section. The sub-grid stresses, thus the sub-grid viscosity, are modelled using a localised dynamic Smagorinsky model [36, 37] .
Combustion models
The thermochemical state of reactant mixture is described using a reaction progress variable, c , in flamelet approach. The progress variable can be defined using temperature or an appropriate species mass fraction and the definition used for this study is given in Section 3.2 . A transport equation for its Favre-filtered value, c , is [38] ρ D c Dt
in standard notations with D as the molecular diffusivity of c . The eddy viscosity, ν t , and the Schmidt number, Sc t , are obtained using dynamic procedures as noted above.
The filtered reaction rate, ˙ ω , is modelled using
where ζ is the sample space variable for c , P (ζ ; c , σ 2 c, sgs ) is the marginal density weighted (Favre) subgrid probability density function (PDF) of c , ˙ ω (ζ ) is the flamelet reaction rate, and ρ is the flamelet mixture density. The filtered density obtained in LES is ρ. A Beta function is used to prescribe the shape of this subgrid PDF for given values of c and SGS variance, σ 2 c, sgs , which are obtained by solving their respective transport equations. The integral in Eq. (2) will give numerical difficulties when the PDF is close to bimodal (large σ 2 c, sgs ), which is avoided by using integration by parts technique. This involves the CDF (cumulative distribution function), C, rather than the PDF as detailed in [6] . Briefly, Eq. (2) can be written for a generic quantity Q as
The derivative Q = ∂Q / ∂ζ is usually well behaved in the domain 0 ≤ ζ ≤ 1 and thus the integral in Eq. (3) can be evaluated accurately.
The transport equation for the SGS variance is 
which is consistent with Eq. (2) . This integral is evaluated using integration by parts technique noted in Eq. (3) with the required derivative obtained numerically. It is worth noting that the second term in the RHS of Eq. (4) may lead to non-positivity or unboundedness when the integrals in Eqs. (2) and (5) are inaccurate. This is not observed in this study because of the use of integration by parts technique as noted earlier.
and is modelled using the algebraic closure investigated in [39] . This closure used in earlier studies [6, 40] is Following earlier studies [6, 40] , the SGS velocity scale u is estimated using scale-similarity [41] , (6) is β c which is computed using dynamic approach described in [40, 42] . Thus, this dissipation rate model does not have a tunable parameter for this study. The subgrid variance can also be prescribed using a common al- 
Numerical procedure
The simulations are conducted using PRECISE-MB [43] , which is based on finite volume method for low-Mach reacting flow equations. The Favre-filtered momentum equation is solved first followed by the continuity equation for pressure correction through SIMPLEC algorithm [44] .
The transport equation for Favre-filtered total enthalpy, h ,
is included to track the mixing of reactant and air streams enthalpies at the combustor exit, see Fig. 1 b, and the requirement to include the air stream for the calculation is discussed in Section 3.3 . The turbulent transport term in this and other scalar transport equations is modelled using a gradient hypothesis and dynamic Schmidt number approach [37] . The temperature is obtained using
, where T 0 = 298 . 5 K is the reference temperature. The formation enthalpy and specific heat capacity at constant pressure of the gas mixture are h 0 f, mix and C p, mix , respectively, and this specific heat capacity is temperature dependent as described in [45] . The mixture density is computed using the state and the values for s L , δ th and τ obtained from this calculation are used in Eq. (6) . The progress variable is defined as
where
is the methane mass fraction in the reactant mixture. The sensitivity of results to c definition is explored in Section 4.5 .
Computational domain, grid and boundary conditions
The computational domain began at 58 mm upstream of the bluff-body base as shown in Fig. 1 b and this boundary was specified as the inlet using measured reactant mass flow rate. The intricate geometry of the turbulence generating device used in the experiments was excluded. However, turbulence at this inlet was specified using digital filter technique [47] and its level was adjusted to get TI of about 24% at the combustor entry (base of the bluff-body, see Fig. 1 ) as in the experiments. There was no turbulence grid for the 2% case in the experiment and thus no synthetic turbulence was specified for the simulation of this case. An additional domain of 4 . 5 D × 4 . 5 D × 17 . 5 D (= 778 mm ) was added at the combustor exit as in Fig. 1 b to avoid numerical waves reflected by the exit if this additional domain was absent. This treatment improved the numerical stability of the simulations. The no-slip combustor walls were specified to be adiabatic whereas the walls of the additional domain were treated to be slip walls. All variables were specified to have zero gradients at the computational domain outlet. It is worth noting that heat losses were observed to be small in the experiments [16] and thus it is reasonable to treat the walls as adiabatic.
Since the boundary layer is not expected to be fully developed behind the turbulent generator, a flat velocity profile with U 0 = 11 . 5 m / s was specified at the inlet boundary based on the measured mass flow rate and this gave U ref = 15 m / s at the combustion chamber entrance (see Fig. 1 a) . A small velocity of U air = 0 . 2 m / s was specified as illustrated in Fig. 1 b for the additional computational domain to mimic the air entrainment at the burner exit. The computational domain was discretised using two block-structured meshes having 1.8 and 2.2 M cells in total and these two grids had about 47 cells for D . The main difference between these two grids was in the near-wall resolution used for the bluff-body boundary layers.
The wall refinement can be characterised using dimensionless wall distance, y + = yu * /ν, where y is the local distance normal to the wall, ν is the kinematic viscosity and u * is the friction velocity defined as u * = √ τ w /ρ with τ w as the wall shear stress.
The dimensionless wall distance estimated from the experimental data [18, 19] was used to guide the grid distribution. Approximately 2 cells were placed in the viscous sublayer (y + ≤ 5) for 2.2 M grid and the near-wall cell size was y + ≈ 9 on the sides of bluff body and 90 on its base for the 1.8 M grid. The larger y + was used for the bluff body base because the recirculation zone was expected to reduce the velocity gradients there. Since the first cell was outside the viscous sub-layer, the wall functions were employed for simulations using the 1.8 M grid. A representative filter size may be calculated as the cube root of numerical cell volume and histogram of this filter width, normalised using δ th , is shown in Fig. 2 for both grids. This histogram illustrates the cell size distribution in the entire combustor volume, 0 ≤ x ≤ 6 D with r ≤ 0.89 D , and in a smaller part, r ≤ 0.5 D , for the two grids. The peak is at + ≈ 1 for both grids and there is a long tail with + < 1 for the 2.2 M grid. Although these grids are relatively small compared to what is commonly used for LES of combusting flows, they are adequate to yield accurate results for the modelling framework used here as one shall see in the next section.
The simulations were run using 80 cores of Darwin cluster at Cambridge University for a period of ten flow-through times and this took about 12 h on a wall clock for 2.2 M grid. The flowthrough time, τ f , was defined as twice the length of the combustor divided by U ref . The samples were collected for 6 τ f after allowing 4 τ f for initial transients to escape the computational volume and this time was observed to be sufficient to reach a stationary state in the recirculation zone and in other parts of the computational domain for the combustor. The 6 flow-through time corresponds to a physical time of 0.18 s. The time step for simulations was set to have a maximum CFL (Courant-Friedrichs-Lewy) number of 0.3 in the entire computational domain.
Results and discussion

Cold flow
Non-reacting flow was simulated first to assess the computational model and characteristics such as recirculation zone size are used for this assessment. Figure 3 compares the computed and measured normalised mean axial velocity, U / U ref , along the centreline for the 2% and 24% TI cases. No synthetic turbulence was specified at the inlet for the 2% case since there was no turbulence grid present in the experiment [17] . The recirculation zone length, L r , is underestimated in the 1.8 M grid and the amount of this under-estimation is independent of near-wall treatment as seen in Fig. 3 . The computed recirculation zone length for 2.2 M grid agrees well with the measured value for both TI cases. Since there was no full experimental characterisation of the turbulence, its level at the computational domain inlet was adjusted, by about 3%, for the results shown in Fig. 3 . Overall, the comparison shown in this figure confirms that the grid and numerical conditions used to simulate the burner flow and its attributes are excellent. Based on these results, the reacting flow results discussed in the following sections are shown for the 2.2 M grid without the wall functions. The 1.8 M grid results with the wall functions will be shown only for comparison purposes when specified.
Combusting flow
The experimental study [16] divided the combusting flow into three regions, viz., (i) flamelet region, 0 ≤ x / L r ≤ 0.12, where the flame was thin with combustion time scale was shorter than turbulence time scale; (ii) thin reaction zone region, 0.12 < x / L r < 1, where the flame was thickened by coherent structures and the combustion in this region was identified to be in the thin reaction zones regime of turbulent premixed combustion; and (iii) distributed combustion region, located further downstream of the rear stagnation point, where turbulent eddies distribute the flamelets over a broader region and influence at least the preheat layer structure. This definition is different from the classical viewpoint for this combustion regime. Since the turbulence level is large near the bluff-body base and decays in the downstream region the Damköhler number increases with downstream distance suggesting that the combustion condition moves from distributed to flamelet regime as was shown experimentally in [19] . The three regions discussed above are marked in Figs. 7 and 12 as R1, R2 and R3 respectively for visualisation purpose, and these figures are to be discussed later. It is unclear how well the flamelet assumption holds in these regions because of the different combustion regimes. This is assessed by comparing measurements and LES statistics. The experimental data are available for the first two regions in both, 2% and 24%, TI cases but the measurements in the third region are available only for the 24% TI case.
Before discussing these results in detail, it is worth to make some remarks on the modelling of SGS variance. It is quite common to use an algebraic model, σ 2 c, sgs , mod
A is the model parameter, for the SGS variance. Typical value for A is about 0.5 and if one uses a dynamic procedure then it has some variations over this value. This model was derived for a passive scalar by balancing the dissipation and turbulent production of the variance, the last two terms of Eq. (4) , ignoring contributions from the reaction rate, the third term in that equation. The order of magnitude analysis in [6] showed that the reaction term cannot be ignored and indeed the variance transport equation must be obtained using the transport equation. A similar behaviour was reported for piloted [6] and non-piloted [48] Bunsen flames. However, one must be careful in drawing any conclusion from this result because LES data is used and it is more appropriate to use direct numerical simulation (DNS) data for this type of analysis. Nevertheless, based on the order of magnitude analysis presented in [6] one may expect a similar behaviour for the algebraic model even with the DNS data because it ignores the reaction rate contribution. Hence, the SGS variance computed using its transport equation is used for further analysis presented below.
The species mass fractions and temperature were measured using CARS and spontaneous Raman scattering techniques in the experimental investigations [16] [17] [18] [19] and these were suggested [16] to be the Reynolds-averaged values. The LES statistics are Favreaveraged and hence one must convert this into Reynolds-averaged values (indicated by an over-bar below) and this is achieved using [49] 
where 
Since the Lewis number for the reactant mixture used is close to unity the mean SGS part is approximated as σ 2
The resolved part is σ 2 is also shown using a dashed line for comparison. This maximum value would be obtained in the limit of very large Damköhler number (BML limit) [50, 51] . Thus, the results suggest that the combustion is flamelet-like in the region up to x ≤ 3 D (almost maximum variance with small scatter) and the combustion is likely to be of distributed reactions (as intended in the beginning of this section) for other downstream locations (smaller variance with large scatter). There may be just mixing without reactions inside the recirculation zone and thus the variance can increase moving downstream for x ≤ 3 D . These observations agree with the experimental observations in [16, 19] . The variations in the 2% TI case are very similar to that shown in Fig. 6 . 
2% approach turbulence case
Pan et al. [16] observed that the flame (also the flame brush) was thin near the base and the flame brush became thicker as one moved downstream. The flame brush at x ≈ 2 D (the rear stagnation point), was noted in this experimental study to be almost 12 times thicker compared to that near the base. The flame brush thickness was estimated using the radial gradient of averaged temperature in [16] and the same approach was employed for LES. Similar variations are observed in Fig. 7 showing the variations of filtered and averaged reaction rates, and local SGS Damköhler number Da = ˙ ω / ρ u u , in the computational domain midplane. The contours of c = 0.1 and 0.9 are also shown in Fig. 7 c to denote the flame brush. Just to remind ourselves, the three regions observed in the experimental study [16] (see Section 4.2 ) are marked as R1-R3 in Fig. 7 . The filtered reaction zone is very thin close to the bluff-body but its width increases as one moves downstream. This behaviour is also seen for the averaged reaction rate and the width of this zone does not seem to increase much for x ≥ 2 D which is quite clear with the contours of c . The reaction zone structure in this region is likely to be influenced by turbulence and the finite rate chemistry effects become non-negligible. These effects appear through patches of high and low filtered reaction rate. This is clearer in Fig. 7 c showing Da which is the ratio between SGS turbulent and combustion time scales and thus it is easy to see the relative importance of these two scales in different regions of the combustor. Typical variations of inverse These locations are respectively in the regions R1, R2 and R3. Since the results in Fig. 8 are for specific locations, typical ranges for these quantities are given in Table 1 .
Relatively low values of Da near the edges of bluff-body are probably due to high level of mixing and low chemical activity which is consistent to the experimental observations [16, 19] , but could also be due to some intermittency in the axial velocity fluctuation as the flame in this region is expected to be quasilaminar. The value of Da ∼ 0 . 01 is because of spatio-temporal intermittency effects and a value for Da of order unity is not observed in regions of flame suggesting that the SGS fluid dynamic time scale is typically shorter than the chemical timescale as noted in Table 1 . This suggests that the finite rate chemistry effects are important in these flames, which must be noted while comparing the LES statistics with measurements. The Da increases downstream because turbulence decays and the combustion is almost complete (see Table 1 ). Figure 9 a compares the centreline variation of measured [17] and computed averaged axial velocity, U , normalised using U ref (see Fig. 1 ). The adiabatic condition imposed on the bluff-body caused the flow to accelerate more leading to the underestimate of U for x < D . However, the computed recirculation zone length, L r ≈ 2 D , agrees well with the measured value. The centreline variation of computed and measured normalised mean temperature is compared in Fig. 9 b and this comparison is very good apart for some small overestimates resulting from the adiabatic condition used for the bluff-body. Overall, the predictions are good and the grid sensitivity is small.
The radial variations of T + and T + , obtained using Eq. (9) , are compared to measurements in Fig. 10 for three axial locations.
The burnt mixture temperature is over predicted by about 6-8% and this over prediction decreases as one moves from x/D = 0 . 1 -2. It is also worth to recall that the combustion is flamelet like for x / D ≤ 4.5 from Fig. 6 b and thus the over prediction in temperature is because of the adiabatic condition used for the bluff-body in the simulation. This over prediction is consistent with about 5-8% heat losses observed in experiments [16] . The temperature variation inside the flame brush is predicted quite well and also the influence of density weighting is seen for the flame brush region, which is consistent with the results in Fig. 5 . The normalised temperature rms increases inside the flame brush because of combustion effects which is quite strong for x = 2 D location and this trend is predicted well in the computations. The resolved rms, σ T + , res , is quite close to the experimental data, but including the SGS contribution of σ T + , sgs ≈ σ c, sgs results in a large over prediction although the trend is captured. The above approximation for σ T + , sgs seems to overestimate this contribution and one may have to transport it. However, the comparison shown in this figure is satisfactory. 
24% approach turbulence case
An increase in the turbulence level at the inlet will change the flow and combustion characteristics behind the bluff-body. The recirculation zone length was observed to decrease from 2 D to 1.3 D when the incoming turbulence intensity was increased from 2% to 17% and increasing the turbulence level further by 5% resulted in a recirculation zone length of 1.1 D , i.e., the length decreased by about 15% [16, 17] . This high sensitivity to the incoming turbulence and a lack of its full characterisation in the experiments pose challenges for simulations. Despite this, an attempt is made here to simulate the 24% TI case (as referred in the experimental studies) because a good set of scalar measurements were reported in [16] [17] [18] [19] , which are useful for model validation.
The synthetic turbulence level fed at the inlet was varied by about 3% as noted in Section 4.1 to match the cold flow characteristics and this inlet condition was maintained for the reacting flow simulations investigated below. This produced an average TI of about 19% at entry to the combustor, x = 0 , and gave a reasonable centreline variation of U / U ref shown in Fig. 11 although there is a small overestimate ( ∼12%) of the recirculation zone length. However, overall estimate of the flame and flow characteristics obtained using the above approach is reasonable as one shall see next.
A. Reaction rates Typical contours of filtered and time-averaged reaction rate are shown in Fig. 12 on the mid-plane of the computational domain.
The reaction rates are normalised using ρ u , s L and δ th and are shown in logarithmic scale. The filtered flame is much more wrinkled and corrugated than for the 2% TI case shown in Fig. 7 a because of the increased turbulence level. Also, the peak ˙ ω + for x > 1.5 D is reduced significantly compared to those for the upstream locations, which suggests that the combustion is nearly complete in the recirculation zone as was observed in the experiments [18] . The three regions, R1-R3, with combustion occurring in flamelet, thin reaction zones and distributed combustion regimes are also marked in the figure. The typical attributes of these combustion regimes is seen in the filtered reaction rate contours. The reaction rate is confined to a very thin layer in the R1 region and is spread over a thicker flame, represented approximately using ˙ ω + = 0 . 1 contours, but the intense reactions are confined to thin zones in region R2. The later attribute is lost in the R3 region with moderate reactions distributed over the whole width. This agrees with the qualitative description provided in [16] . Streamlines of the mean flow in the right half of Fig. 12 show that the recirculation length is about 1.23 D . The flame brush is thin in the R1 region and it thickens gradually as one moves downstream. The presence of the three regions is much more distinct for the large TI case compared to the low TI case shown in Fig. 7 .
B. Comparison of velocity and temperature statistics (1) Centreline variations
The centreline variations of U / U ref was discussed in and a significant improvement is observed when the SGS variance is included in Eq. (10) . An earlier study [22] showing similar underestimate (difference between symbols and solid line in Fig. 13 ) suggested that this could arise from fluid dynamic strain effects, which is contrary to the expected influence -the strain will not change peak flamelet temperature for unity Lewis number unless its magnitude is so large to cause local extinction, see Fig. 10 .3.3 of [52] . Similar influence of the SGS variance is also seen for the radial variation of mean temperature to be discussed next. Hence, the SGS variance plays an important role and its influence should not be ignored for LES of premixed combustion. L r ≈ 1.2 D . As noted earlier, there is a small difference in the measured and computed L r which leads to the small differences in U and V observed for locations x/D = 1 and 1.2 in Fig. 14 . These results are shown for regions of flamelet combustion marked as R1 and R2 in Fig. 12 and, the corresponding variations of normalised mean temperature and rms are shown in Fig. 15 along with the measurements obtained using Rayleigh [18, 19] and CARS [16] techniques. The difference between these two measurements is negligible and the measured rms values were reported only for x ≤ 0.6 D . The normalised mean temperature does not vary with the axial position for r ≤ 0.4 D [16] and a similar behaviour is observed for the computed T + , which also agrees well with the measurements for all the axial locations. The Favre averaged normalised temperature is substantially lower than the measured values, specifically in the flame region, 0.4 ≤ r / D ≤ 0.7 and is related to T + through Eq. (9) .
Hence, the total variance of temperature must be calculated with care. The computed radial variation of normalised temperature rms is compared to the experimental data in Fig. 15 ; the solid line is for the resolved part and the dash-dotted line is for the total rms given by Eq. (10) . The agreement is improved when the SGS part is included confirming the importance of σ 2
The rms values measured using Rayleigh and CARS techniques do not differ much as seen in Fig. 15 . Overall, the comparisons shown in this figure are very good.
Comparison for post-recirculation region
The filtered flame in this region is thickened by turbulent eddies and the combustion is in the distributed combustion regime [16, 17] (see Section 4.2 ). Figure 16 compares the measured [17] and computed normalised mean velocities for x/D = 1 . 5 , 1 . 7 and 2 locations. A small over prediction of L r (see Fig. 11 ) yields some underestimation for the mean axial velocity and the computed radial velocity agrees well with measured values.
The radial variation of normalised time and Favre-averaged temperatures (see Eq. 9 ) are shown in Fig. 17 along with the measurements [18, 19] . The two averages differ substantially in regions with increase in mean temperature. The normalised temperature rms is reported [18, 19] only for x = 6 D and the comparison shown is good. The peak value is captured well when the SGS contribution is included and there is some overestimation for 0. 
Comparison of species mass fractions
The measured values of time-averaged species mass fractions were reported for CH 4 , O 2 , CO 2 , H 2 O, CO, H 2 , NO and OH [18, 19] . Spontaneous Raman scattering was used for the first six species and Laser Induced Fluorescence (LIF) was used for OH and NO [18] . The species, except CO, NO and OH, mass fractions at x/D = 6 were found to be the equilibrium values and super equilibrium values were found for OH and CO in the measurements (sub-equilibrium for NO). 
which is similar to Eq. (2) except that the PDF above is not the sub-grid PDF. The PDF in the above equation involves the timeaveraged statistics of the progress variable. One can compute the filtered mass fractions, Y i , using the sub-grid PDF first and then time averaged to yield Y i . This procedure has to be followed within LES, which will incur additional computational expenses. Since the difference between Y i computed using the above two approaches is found to be small (not shown here) and the former approach saves some computational efforts, the results obtained using Eq. (11) Fig. 19 and Fig. 18 . Comparison of measured [18, 19] (symbols) and computed time-averaged mass fractions of CH 4 and O 2 using
) for six axial locations.
Fig. 19.
Comparison of measured [18, 19] (symbols) and computed time-averaged mass fractions of CO 2 and H 2 O using c
) for six axial locations. the predictions are good for water mass fraction. There is, however, some under prediction (solid line) for CO 2 which is related to the definition of c and further insights are given in Section 4.5 . The equilibrium value at x/D = 6 is also well captured in the LES. Overall, the agreement shown is very good for the major species.
The results for intermediates and a minor species are shown in Figs. 20 and 21 , respectively. The error bars are shown when the measurement error is larger than the symbol size. There is substantial over prediction of CO for upstream positions and comparison with the measurements improve as one moves downstream.
However, the final equilibrium value is over estimated. These behaviours are similar to that observed in earlier studies [6, 49] on Bunsen flames suggesting that a flamelet parameterised using major species may be inadequate to capture the CO variation since its time scale is relatively larger and, this can be partially taken into account by using an appropriate definition for c as discussed in the next subsection. Alternatively, one can transport CO in the LES or use unsteady flamelet, which are to be explored in a future study. The predicted H 2 mass fractions are well within the error bars except for x = 6 D location. The OH mass fractions in the 
Sensitivity to the choice of progress variable
The progress variable is defined using CH 4 , see Eq. (8) , for the above analysis. One can also define c using other species as
where the superscript b refers to the burnt mixture value. The definition employed for c 2 has also been used in the past [53] [54] [55] [56] [57] . 9998, which is comparable to 1. However this 0.02% error can yield more than 300% error yielding poor prediction of OH mass fraction (solid lines) seen in Fig. 21 . This also applies to CO and H 2 mass fractions in the burnt mixtures. When the progress variable c 1 or c 2 is used the computed mean mass fractions agree well with the measurements, except for H 2 mass fraction at location x/D = 6 . Overall, the major species mean mass fractions are insensitive to the choice of c but the minor and intermediate species are sensitive and it seems that c based on
is a good choice for the flames investigated here. This sensitivity is large for minor species exhibiting large gradients near the burnt side of the flamelet (see Fig. 22 ), indicating that the most of this sensitivity comes from the numerical issues because of this gradient as noted earlier. A small sensitivity observed for major species could result from some difference in the fields of local reaction rate and density for different progress variable [18, 19] (circles) and computed time-averaged temperature: present study (solid line), [20] ( ×), [21] ( ), [22] ( + ) and [29] ( ). definitions. However, this sensitivity is observed to be negligibly small.
PDF of progress variable
The PDFs of the progress variable are shown in Fig. 23 for three radial locations at two axial positions and these locations are chosen to cover the flame brush. The density weighted time-averaged progress variable, resolved and sub-grid variances are given in the figure. These statistics are obtained using 450 snapshots of three dimensional data sampled over about 180 ms and these snapshots are separated by about 0.4 ms. Three curves are shown for each location. The solid line is the PDF from LES constructed using c and the corresponding Beta PDF obtained with c and σ 2 c, res is shown using the dashed line. A good agreement observed suggests that the resolved field PDF is captured well by the Beta function and this PDF is monomodal. The broad distribution seen for r/D = 0 . 5 suggests a broad flame brush. If one is interested in comparison with the experimental PDF of c then the total variance, σ 2 c, res + σ 2 c, sgs , must be used for the Beta PDF. The dashed dotted line is the Beta PDF constructed using c and σ 2 c, sgs . Thus, this PDF is for the subgrid processes. The timeaveraged SGS variance, σ 2 c, sgs , is typically larger than σ 2 c, res as noted earlier in Fig. 6 . Thus, this PDF is typically bimodal except for locations where reaction rate is expected to be very low, see for example the PDF at r/D = 0 . 6 with c = 0 . 21 shown [18, 19] (circles) and computed time-averaged mass fractions of CO and OH: present study (solid line), [20] ( ×), [21] ( ) and [29] ( ).
in Fig. 23 . The bimodal behaviour is strong for locations with large reaction rate and thus this behaviour suggests that the combustion is flamelet-like. The presence of flamelets in distributed regime combustion has been observed in previous experimental (see for example [30, 31, 34, 35] ) and numerical (see for example [4, 58, 59] ) studies. Thus, the good performance observed here for the unstrained flamelet model is not surprising. Furthermore, the distributed combustion may have to be seen as a regime where (continuous or broken) flamelets with structures unperturbed by turbulent eddies are distributed over a larger region yielding a thick and diffusive flame brush. In the classical viewpoint, large-scale turbulence has scales smaller than the laminar flame scales and so the turbulence can disturb the flamelet structure in both preheat and reaction zones. This would also give a thick flame brush and there is not enough evidence in the literature to support this classical viewpoint, but there are ample evidences to support the alternative viewpoint expressed above.
Summary & Conclusion
Turbulent lean premixed methane-air flames stabilised behind a bluff-body are simulated using LES and, the results are analysed and compared to measurements. The filtered reaction rate is modelled using unstrained flamelet with a presumed subgrid PDF for reaction progress variable. This closure needs a model for the subgrid variance and its dissipation rate. The former is obtained using its transport equation to include all the relevant physical processes while the latter is modelled using an algebraic closure with its scale dependent parameter evaluated dynamically. The commonly used algebraic model for the SGS variance and a linear relaxation model involving SGS flow time scale for the dissipation rate are shown to be inadequate, which was also shown for piloted Bunsen flames in another study [6] . If the various closures involved are physically consistent with one another then the unstrained flamelet model performs well for multi-regime combustion as shown here and in a previous study [6] .
Comparisons of cold flow statistics from LES with those from measurements demonstrate that the model setup, boundary conditions and numerical grid used represents the experimental conditions well. The reacting flow results show that the mean axial velocity is sensitive to the level of approach turbulence while the mean temperature has reduced sensitivity to this parameter as observed in the measurements. The recirculation zone length and mean flow velocities are captured well. The time-averaged temperature is captured quite well for both flames with 2% and 24% turbulent intensity. The subgrid variance of normalised temperature is approximated to be the same as the subgrid variance of mass fraction based progress variable because the Lewis number is unity for the lean methane-air mixture. The predictions of mean mass fractions of various species agree well with measurements if the progress variable is chosen carefully to avoid numerical error while constructing the lookup table. This error is quite significant for fuel based progress variable. The subgrid PDF of progress variable is observed to be bimodal even in regions expected to have distributed combustion characteristics and this supports the good performance of the flamelet model shown in this paper. In summary, the unstrained flamelet closure with physically consistent closures for subgrid variance of progress variable and its dissipation rate is shown to work well for a quite common burner con-figuration for practical combustors. However, further assessment of this model's capabilities for more complex flow and flame configurations, for example swirling flames, is required to establish its robustness and accuracy. This will be investigated in future works.
